Studies of the cell secretome have greatly increased in recent years owing to improvements in proteomic platforms, mass spectrometry instrumentation and to the increased interaction between analytical chemists, biologists and clinicians. Several secretome studies have been implemented in different areas of research, leading to the generation of a valuable secretome catalogs. Secreted proteins continue to be an important source of biomarkers and therapeutic target discovery and are equally valuable in the field of microbiology. Several discoveries have been achieved in vitro using cell culture systems, ex vivo using human tissue specimens and in vivo using animal models. In this review, some of the most recent advances in secretome studies and the fields that have benefited the most from this evolving technology are highlighted.
Most secretome studies to date are performed in vitro on cultured cells, which may not directly correlate to the in vivo environment. Additionally, the requirement of incubating mammalian cells in serum-free medium to avoid interference from serum contaminants might further adulterate the cell secretome profile, reducing the correlation to the true physiological secretome. Indeed, depending on the cell type studied, the length of incubation in serum-free medium can vary from 12 to 24 h, and this might dramatically influence the secretome profiles. Some cells such as cancer cell lines are very tolerant to serumfree medium while other cells, such as primary cells, are sensitive to serum-free medium and might result in increased cell death and release of intracellular proteins. Only a few studies have attempted to survey the secretome in vivo or ex vivo, either by analyzing the secretome of tissue explants without isolating individual cells [9] , or by using microdialysis devices [10] [11] [12] [13] [14] . The most recent advances in cell secretome studies and their applications are outlined in this review.
Secretome studies of microorganisms
Bacteria, yeast and fungi secretomes are perhaps among the easiest secretomes to study since these microorganisms do not require any serum or other exogenous protein additives in their culture media. Thus, conditioned media collected from these microorganisms contain mainly proteins released by the microorganism itself. In the past few years, there has been an increasing interest in studying the secretomes of different microorganisms owing to the roles they play in infectious diseases, the food industry and biotechnology as well as agriculture and environment. Thus, in the past few years, secretomes have been established for opportunistic microorganisms and have begun shedding light on new mechanisms of pathogenicity exerted on their hosts [15] [16] [17] . Secretomes were also established for several beneficial microorganisms such as the penicillin-producing fungi Penicillium chrysogenum for the pharmaceutical sector [18] , as well as for yeast [19, 20] and fungi for the food industry [18] . The biotechnology industry has taken an interest in the secretomes of microorganisms that might help produce biofuels [21] . Thus efforts in the study of microorganismal secretomes may eventually lead to a wide array of discoveries, from the characterization of novel vaccines and new therapeutic strategies to the development of new energy sources.
Secretome studies of mammalian cells
Most secretome studies of mammalian cells are performed in vitro by first culturing cells of interest in serum-supplemented medium to obtain a sufficient number of cells. Cells are then carefully washed with sterile phosphate-buffered saline (up to six times) to remove bovine serum proteins, before incubating them in serum-free medium for another 12-24 h. Conditioned medium containing cell-secreted proteins is collected and processed for mass spectrometry analysis and protein identification (Figure 1 ).
In general, depending on the proteomic technique and the mass spectrometer, most mammalian cells have been found to release 100-600 proteins or more, including both classically and nonclassically secreted proteins. In the past 5 years, several secretome catalogs have been established from different cell types and conditions ( Figure 2 ).
An interesting observation from these in vitro secretome studies is the fact that several intracellular proteins are consistently found to be released by cultured mammalian cells into the conditioned medium. Although these intracellular proteins can be released due to cell death or leakage, there is now evidence that some of these proteins are secreted via nonclassical pathways, perhaps via vesicles and exosomes [22] , and may have extracellular functions. For example, α-enolase (ENOA), a glycolytic enzyme involved in the synthesis of pyruvate, is consistently detected in significant amounts in the secretome of almost every type of cultured mammalian cell. Extracellular ENOA or cell surface ENOA was suggested to act as a plasminogen receptor mediating extracellular matrix degradation and cell migration in cancer and to have diagnostic and prognostic value [23] . Also, this protein was consistently detected in an exosome preparation of hepatocytes [24] .
Perhaps the biggest challenge in secretomic studies lies in discriminating proteins that are truly secreted from those that are released as the result of nonphysiological stresses of mechanical injury. To minimize these issues, a few techniques have been proposed, such as the hollow-fiber culture system, which enables high-density cell culture with minimal cell lysis [25] . This technique allowed up to 61% enrichment of true signal peptide-containing proteins. However, there were still 36% intracellular proteins detected in the secretome using this method, and ENOA was again abundant in the conditioned medium. This suggests that there are nonclassical mechanisms by which these intracellular proteins are released by cultured cells. Indeed, a recent review has proposed several mechanisms by which some intracellular proteins are exported to the extracellular compartment and that these proteins usually perform additional extracellular functions that are different from their intracellular role [26] .
Protein secretion via exosomes
Exosome shedding is another mechanism by which some intracellular proteins are secreted by mammalian cells. Exosomes are small vesicles with an average size ranging from 30 to 150 nm. They are believed to originate from endosomes and contain a variety of components including mRNA, miRNA and proteins such as carbohydrate and lipid metabolism enzymes, cytoskeletal components and chaperone proteins [27] [28] [29] [30] . Exosomes are becoming increasingly targeted in the f ield of biomedical sciences as they seem to be involved in a number of biological and physiological functions [28, 29] . Exosomes are not only detected in vitro in the conditioned medium of cultured mammalian cells but are also found circulating in vivo in blood [31] , urine [32] and even in cerebrospinal fluid [33] . The exact role of exosomes is not well understood at this point, but it has been suggested that they might play a role in protein turnover, serve as carriers for RNA and miRNA as well as play a role in the immune system [34] . In brief, several studies have investigated and continue to investigate the proteome of exosomes and their potential diagnostic and therapeutic value [35] .
Secretome application studies Secretome in cancer research
Perhaps one of the biomedical fields that has used secretome technology the most is oncology. Identification of novel cancer-specific biomarkers directly from serum and other body fluids using a proteomic approach has been challenging. These specimens are inherently complex with a wide dynamic range of protein concentrations, making detection of low abundant biomarkers difficult. Hence, efforts have been turned toward the analysis of cell secretomes in the hope of identifying reliable and useful cancer markers that can then be traced back in serological samples using more sensitive and targeted analyses such as ELISA, western blot or multiple-reaction monitoring mass spectrometry. A number of secretome catalogs of different cancer cell lines have been published in the last 5 years ( Figure 3 ). These include pancreatic cancer [36, 37] , breast cancer [38] , ovarian cancer [39] , bladder cancer [40] , colorectal cancer [41] , prostate cancer [42] , gastric cancer [43] , thyroid cancer [44] , lung cancer [45, 46] , head and neck cancer [47] , and oral cancer [48] . In brief, among the approximately 500 articles on secretome, more than 150 are related to cancer, with those on breast cancer cells and lung cancer cells accounting for more than 25% of all cancer secretome studies ( Figure 3 ). Overall, in vitro secretome studies in cancer have generated large data sets that await careful data mining and validation in order to identify reliable and useful biomarkers associated with cancer. Several reviews have documented the utility of studying the secretome of cancer cells [4, 49, 50] . The secretome catalogs of all cancer cell lines studied could be easily deposited in a public domain database and would be a valuable tool for data mining and validation of cancer-specific markers. For instance, Wu et al. surveyed the secretomes of 23 cancer cell lines using a label-free proteome profiling strategy and identified 4584 proteins in the conditioned medium of all the cell lines combined [5] . From this study, they identified pan-cancer biomarkers secreted by most cancer cell lines as well as cancer typespecific biomarkers [5] . As a further example, chitinase-3-like protein 1, also known as YKL-40, was found to be secreted by several types of aggressive solid tumors [51] including glioblastoma multiforme, an aggressive type of brain tumor [2] . This protein is also detected in tissue and serum samples from cancer patients and is associated with poor prognosis [51] . Furthermore, this same protein positively correlated with the infiltrative nature of glioblastoma and other tumors, suggesting a potential role in tumor cell invasion. However, the usefulness of this protein as a valid biomarker or a therapeutic target still awaits validation. Nevertheless, this is one example of the many proteins identified using in vitro cell secretome analysis that may have prognostic and therapeutic value. Perhaps one day secretome profiling efforts will lead to a breakthrough in the field of oncology.
Secretome in metabolic disorders
Diseases such as Type 2 diabetes, hypertension and obesity are prevalent disorders affecting as much as one-half of the population in developed countries [52] . It is believed that adipose and skeletal tissue play major roles in these disorders. Recent studies have surveyed the secretomes of adipose cells [53] , skeletal muscle cells [54] and endothelial cells [55] . Again, several proteins were cataloged from these different cell types. However, interesting proteins such as adipokines and myokines were still difficult to detect using proteomics-based approaches, probably due to their low abundance, short half-lives or low molecular masses.
In vitro secretome profiling is a valuable and simple strategy to characterize and quantify secreted proteins by a given cell under specific conditions. Whether these same proteins are secreted in vivo, especially considering that secretome studies are performed on cells grown in serum-free medium, remains to be examined. One study by Colzani et al. attempted to characterize the secretome of breast cancer cell lines in the presence of 10% bovine serum using the stable isotope labeling by amino acids in cell culture strategy in combination with ProteoMiner technology (the ProteoMiner technology uses a negative isolation of highly abundant proteins to reduce the dynamic range and allow detection of low abundant proteins [56] ). This enabled detection of breast cancer cell secreted proteins under normal culture conditions (e.g., in the presence of 10% bovine serum). However, comparison between the secretomes from cells grown in serum-supplemented medium and those grown in serum-free medium was not performed in this study, and thus the true effect of serum on the cell secretome could not be evaluated.
Ex vivo & in vivo secretome profiling
Analyzing secreted proteins from tissue explants has been challenging owing to the low abundance of secreted proteins relative to total proteins in tissue and the difficulty of accessing the extracellular milieu in a tissue section. Additionally, most tissues are composed of a mixture of different cell types including the cells of interest, endothelial cells and fibroblast cells, making it difficult to assess cell-type specific secretomes ex vivo or in vivo. A few strategies have been developed to probe the secretome under physiological conditions, and these are outlined later in the text with their advantages and disadvantages.
Ex vivo secretome profiling from tissue explants
This strategy consists of incubating freshly obtained tissue specimens in serum-free basal medium for 12-24 h followed by collection and processing of the conditioned medium for proteome profiling. This strategy was recently used to study secretomes of equine and human cartilage explants [57, 58] and human adipose tissue [59, 60] , resulting in the identification of 56 and 213 proteins, respectively. Analysis of the tissue secretome without intermediate cell culture could mimic physiological conditions because cells are still in their physiological environment interacting with other cells that might secrete factors that modulate their secretome. However, to perform such a study, careful sample handling and culturing is required to avoid false-positive discoveries due to serum proteins remaining in the tissue or proteins released by dying cells. To minimize such a confounding background, and especially blood-contaminant proteins that are often present in high abundance, tissue samples need to be extensively washed and/or perfused with sterile phosphate-buffered saline solutions to remove excess blood before incubation in serum-free medium. Roelofsen et al. performed an exquisite strategy enabling identification and quantification of genuine adipose tissue-secreted proteins in the presence or absence of insulin [60] . In this study, the authors partially labeled de novo synthesized protein in situ by incubating tissue sections in the medium where 12 C 6 -Lys was replaced by the heavy isotope 13 C 6 -Lys for a short period of time (up to 100 culture hours) with frequent medium changes in the first 24 h to allow for depletion of residual endogenous Lys, followed by an additional 72 h to allow sufficient incorporation of 13 C 6 -Lys into de novo synthesized proteins. Using this strategy, the authors were able to unambiguously identify 213 and 247 proteins that were newly synthesized and secreted into the extracellular milieu by adipose tissue with and without insulin treatment, respectively. Of these proteins, more than 70% were potentially secreted while the rest were of intracellular origin similar to those detected in cell culture systems. However, the rate of incorporation of 13 C 6 -Lys was lower in intracellular proteins compared with secreted proteins, perhaps due to the premature release of some intracellular proteins from dying cells during the tissue culture or the slow turnover of intracellular proteins relative to extracellular proteins. Interestingly, in this study, the authors identified several secreted proteins with selectively higher labeling efficiency during the 72-h incubation period. These included proteins with a high turnover rate such as chemokines and complement components. Metabolic labeling of whole tissue does not appear to require 100% labeling as in stable isotope labeling by amino acids in cell culture but rather partial labeling that enables differential protein secretion profiling between control and experimental conditions. However, the tissue specimens to be compared must be histologically similar and contain the same percentage of different cell types. For this reason, Roelofsen et al. performed their experiment in triplicate [60] .
In vivo secretome profiling
Logically, the in vivo secretome in mammals could be accessed via the analysis of body fluids including serum, cerebrospinal fluid, urine, amniotic fluid, synovial fluid, pleural effusion, bronchial washes, ear fluids, saliva, tears and interstitial fluid [61] [62] [63] [64] [65] [66] . A number of studies have investigated the proteomes of some of these body fluids in healthy and disease conditions to gain knowledge about their protein content. However, challenges were encountered during analysis including dynamic range (affecting detection of low abundance biomarkers), difficulty assessing the relative contribution of a specific tissue to the proteome of a specific body fluid and the possibility of contamination by blood. To circumvent some of these confounding backgrounds when studying body fluids to mine for tissue-specific biomarkers, one can compare the proteome of a given body fluid with the secretome of cells originating from the tissue in proximity to this body fluid, such as previously documented in a combined analysis of the secretome of glial cells and the cerebrospinal fluid proteome [67] .
Perhaps one of the most interesting and challenging body fluids to access is the interstitial fluid, containing proteins that are secreted locally by tissues and cells in their native microenvironment. Proteins from the interstitial fluid cannot be identified by studying circulatory fluids, but a few studies have attempted to capture the interstitial fluid at its site of origin using in vivo microdialysis devices [10] [11] [12] [13] [14] 64] or a capillary ultrafiltration (CUF) probe [68] . In vivo microdialysis is a versatile technique widely used in neuroscience that has broad clinical and translational applications (for more details, see review Korf et al. [69] ). However, in the context of proteomics, the technique seems to work best for small peptides and not very well for large proteins because small peptides can easily traverse the dialysis membrane while large proteins need additional time. For this reason, capillary ultrafiltration [68] and ultraslow novel microdialysis devices have been developed to capture larger proteins [69, 70] . In general, the slower the flow rate inside the dialysis tubing the better the recovery of circulating proteins/peptides [71] . This microdialysis technique seems quite promising and suitable for studying the brain secretome under healthy and disease conditions, as well as those from other tissues such as adipose, muscle, liver and solid tumors.
A recent and promising technology that might also aid in the detection of secreted proteins in vivo is the use of peptide-based hydrogel vesicles. These are injectable peptides that form extensive nanofiber networks resulting in a viscoelastic hydrogel. These hydrogels can capture secreted proteins from cultured cells. The technique was used as a delivery agent for growth factors and might be a useful tool to capture secreted proteins in vivo. A challenge for this technique is to collect these nanoparticles after injection.
Expert commentary
With the advent of proteomic techniques and mass spectrometry instrumentation, the efficiency of identifying and quantifying proteins in biological samples, including secretomes, has greatly improved. Ten years ago, only specialized laboratories equipped with the most sophisticated mass spectrometry instruments were able to generate valuable proteomics data. Currently, several biology and proteomics core facilities are capable of generating reliable and accurate proteomics data. Indeed, mass spectrometry accuracy and resolution increased from 100 ppm error and 2500 resolution to better than 10 ppm error and 40,000 resolution in 10 years. These high-precision instruments have enabled the generation of high-quality data. Thus, it is now feasible to compare secretome data obtained across different laboratories on specific cell/tissue types and specific diseases to validate and extract meaningful outcomes.
Studying the cell secretome at its origin rather than analyzing body fluids is more reliable in defining specific and sensitive biomarkers and might bring insight as to the role of locally secreted proteins under the biological condition studied. Indeed, relevant candidate proteins that are secreted by a given tissue might never reach circulating body fluids such as plasma and urine. For example, a protein secreted by the brain cells has to traverse the brain-blood barrier in order to enter the plasma circulation. Even if this occurs, the protein candidate will be extremely diluted and difficult to detect via direct analysis of the body fluid. Thus, the study of the cell secretome could be used as discovery phase to define reliable protein candidates, which can be traced back in accessible body fluids using a more sensitive method such as ELISA.
In general, the cell secretome has been found to be a valuable source for biomarker and therapeutic target discovery not only in the field of cancer but also in a number of other diseases including metabolic disorders, neurodegenerative diseases, pulmonary diseases and cardiovascular diseases. With the increasing number of studies and secretome catalogs, creation of a public domain for a secretome database to query potential biomarkers based on the tissue and disease studied would be highly valuable. There is currently an initiative to deposit both raw mass spectrometry data and the corresponding list of identified proteins in public domains such as PRIDE [101] and ProteomeXchange [102] for proteomics-related studies. Such initiatives can greatly facilitate inter-laboratory data comparison since the most important details related to the raw mass spectra are also deposited. Furthermore, with improved mass spectrometry instrumentation and mass accuracy, secretome query databases can be harnessed to extract the most meaningful protein candidate(s) and enable comparisons across different studies as for mRNA microarray data through the cancer Biomedical Informatics Grid maintained by the National Cancer Institute [103] . These will also help refine secretome knowledge databases such as the one created recently for the fungal secretome [72] .
Finally, it is important to point out that secretomics is a fairly new and emerging proteomics technique and is already contributing to a number of useful public areas including the food industry, biomedical, pharmaceutical, agricultural and biomedical sectors as well as the biofuel industry. Table 1 
Five-year view
The study of secreted proteins or secretomes holds great promise not only in the biomedical sector but also in the biotechnology and agricultural sectors. Since our last review, a number of studies have contributed to the establishment of hundreds of secretome catalogs for specific cells, tissues, organs, diseases and conditions. Five years from now, even more valuable data will be generated that will likely contribute to breakthroughs in the field of biomedical sciences by finding sensitive and specific biomarkers and eventually novel therapeutic targets for clinical practice. Indeed, secreted proteins can be easily accessed by pharmaceutical drugs and manipulated for treatment, more so than intracellular proteins. However, there is still a huge gap between the number of in vitro and in vivo studies in this area of research. This is probably due to the fact that cultured cells are easily manipulated to obtain an adequate amount of secreted proteins on which to perform mass spectrometry analysis. Nevertheless, with the improvement of microdialysis techniques, tissue fractionation, mass spectrometer instrument dynamic range and sensitivity, and proteomics strategies, there will be more in vivo secretome data generated in the near future.
It is becoming evident that investigating the role of secreted proteins in healthy and diseased conditions will help define valuable novel diagnostic and therapeutic strategies to treat morbid diseases such as cancer, diabetes and autoimmune diseases.
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Key issues
• Secretome or secretomics continue to be a valuable source for biomarkers and therapeutic target discovery.
• The development of new technologies to enable in vivo secretome profiling will greatly advance the field of secretome research in biomedical sciences.
• Many proteins that were believed to be strictly intracellular are now detected in the extracellular milieu both in vitro and in vivo. The role of these proteins is not well known at present.
• Intracellular proteins that are released in the extracellular milieu, however, remain a major issue in secretomics studies because it is not known if these are truly released via nonclassical secretion pathways or just as a result of the nonphysiological stresses of mechanical injury.
• Defining the exosomal proteome both in vivo and in vitro might enable novel discoveries of the role of these proteins in the extracellular space. Typically, cells are grown to 80 or 100% confluence in serum-supplemented media, then washed (up to six times with serum-free medium or phosphate-buffered saline) and incubated for an additional 12-24 h in serum-free media. Conditioned medium containing secreted proteins is collected, centrifuged at 300 g to remove floating cells and gross cell debris, then further passed through a 0.22-µm filter to remove small debris. Conditioned medium is then concentrated up to 200-fold using a centrifugal filtration device (usually with a 3-kDa molecular weight cutoff). Protein concentration is measured and usually 50-100 µg of total protein is fractionated by SDS-PAGE. The resulting lane is sliced into 30-35 bands for in-gel digestion and LC-MS/MS analysis. Resulting data are searched against the desired protein database using a suitable search engine (such as Sequest or Mascot). The obtained list is then further curated for protein subcellular localization using the Uniprot knowledgebase [104] . Unclassified proteins are checked for potential secretion using the SignalP server [105] . Other proteins can be searched manually for subcellular localization in the literature or exosome databases. (A) The number of articles describing secretome studies has been on the rise since the year 2000, when only one article was published, to the year 2011 when more than 570 articles were published. (B) A large number of secretome studies have dealt with cancer (26%) and microbiology (14%). Veterinary medicine, including murine models, constituted 13.1%, toxicology 7.7%, diabetes 3.3%, infectious diseases 1.5% and AIDS 1.4% of the published articles. Data were obtained by using the NCBI Pubmed Central database. Limits were set to human and animals and queried searching the word 'secretome' and manually verified for inclusion. To generate disease-specific secretome studies, disease type (e.g., cancer) was included in the limits. Data were obtained by using the NCBI Pubmed Central with a query of keywords 'secretome' and cancer type.
